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Abstract 
In industrial human-robot collaboration (HRC) the question, how can such systems be designed safely is paramount. In general, it is difficult to 
assess those systems with all their capabilities prior to commissioning. In this paper we propose specialized simulation tools as one potential 
solution to this issue. We use real-world geometrical data to investigate different algorithms and safety strategies. One strategy is the use of a 
genetic algorithm for collision avoidance to deal with amounts of data in short computing times. This is a solution to find a safe distance with 
adaptive speed in HRC assembly applications. 
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1. Introduction 
Nowadays, the international industry is struggling with 
declining product life cycles and increasing product 
diversification. Distinct products and thereby identical 
processes need to amortize in shorter time frames. This is an 
intersectional problem, which arises in the production of 
products in business-to-business and consumer markets. 
Frequently changing production orders are associated with high 
investment costs for the individual products. Conventional 
concepts for automation, which are optimized for maximum 
productivity, are reaching their limits. This is due to increasing 
demand for product and batch size flexibility.  
Compared to specialized production machines, industrial 
robots represent a universal and more flexible automation 
approach. Those systems allow to implement different 
applications with less product specific investments. Therefore, 
industrial robots represent a flexible production system, which 
retains its value for the company even after a product change. 
[1, 2] 
However, automation concepts with increased use of industrial 
robots are limited by economic efficiency for small production 
runs. Furthermore, the costs for implementation and 
modification are an obstacle for the process automation. It takes 
significant time (a few weeks up to years), depending on the 
complexity of the application, to provide an operational robotic 
work station. Due to this fact, a decision whether, and to what 
extent, automation is reasonable and efficient has to be made. 
Especially small batch sizes, which are usually done manually, 
are a financial burden in industrialized countries, since labor 
costs are high. A recent approach to overcome this problem are 
hybrid workspaces where robots are not separated by safety 
barriers and are collaborating with human operators in one 
workspace to combine human and robotic skills. The 
production approach, to use human-robot collaboration (HRC), 
has gained a great amount of research effort in recent years.  
The consideration of safety is paramount in the research on 
human-robot collaborations. [3] It’s one of the most crucial 
aspects in the implementation of human-robot collaboration 
systems in industrial settings. In relation to their productivity, 
HRC systems are classified between flexible, manual and robot 
based manufacturing. In high-wage countries, human-robot 
collaboration systems represent a new production approach, 
which encourages competitiveness. More research and 
development effort is needed to establish HRC systems in 
industrial applications. Research topics are: algorithms, sensor 
systems, simulation, process development, certification, as well 
as design of robots and tools. 
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2. Related Work 
In the current efforts to combine robots with manual human 
labor the safety risk is difficult to estimate. Modern robotic 
systems have a large number of functions and the direct contact 
between humans and industrial robots leads to complex system 
behavior. Because of this, it is difficult to certify human-robot 
collaborative work stations relating to their safety. Modern 
robotic systems such as KUKA LBR iiwa [4], ABB YuMi [5] 
and more, protect the human operator and themselves from 
dangerous forces, using direct or indirect torque monitoring. 
However, these systems only offer limited protection against 
sharp, pointed or detaching objects. Furthermore, force 
monitoring involves collisions or contact respectively to take 
effect, which limits the productivity of these systems. 
Another focus of human-robotic research is visual sensor 
based monitoring and sensor guidance. A universal safety 
system, which is robot-independent, is the SafetyEYE made by 
Pilz [6] which enables an interference with the robots 
movement using virtual protected areas. It secures the process 
through visual observation of defined areas. If any of such areas 
is entered, the speed can be reduced or the robotic motion can 
be stopped. The safety certification of these safety systems is 
already complex and therefore expensive, more sophisticated 
systems face this obstacle to an even larger degree. A software 
specially developed for simulation of such applications could 
simplify and accelerate the safety certification. 
2.1. State of the art 
Flacco et.al. presented an approach using an Kuka LBR4 + 
and 3D depth camera to enable active evading with adaptive 
path planning as reactive behavior to human agitation [7]. This 
reactive and active behavior of the industrial robot enables new 
and diverse forms of human robot collaboration. The diversity 
is associated with complex system behavior, which cannot be 
adequately assessed in its safety according to the actual state of 
the art. In addition to vision based implementations of safety 
systems, ultrasonic, capacitive [8] or force [9] based sensors are 
developed for collision avoidance. Sekoranja et. al. [8]. for 
example, developed a capacitance based safety system to detect 
humans and static obstacles in close proximity to the robot. 
Since a collision can reliably be detected at an early stage, the 
speed of robotic movement can be increased in collaborative 
workspaces.  
Another research focus for human robot collaboration is on 
the workspace design regarding ergonomic aspects, robotic 
tools, intention indication, simplified operation and economic 
aspects. Such technologies require certified safety functions for 
progression into industrial applications. 
3. Guidelines and Standards 
The relevant safety requirements for industrial robots are 
summarized in the EN ISO 10218, contactless protective 
equipment is classified in EN 61496. Furthermore, the 
Machinery Directive 2006/42 / EC and ISO 10218-1 and ISO 
10218-2 can be applied to human-robot collaboration. The 
norm ISO 10218-1 includes safety regulations for industrial 
robots and ISO 10218-2 requirements for safe integration of 
robots. The ISO / TS 15066 is a technical specification specially 
for collaborative robots. This norm embodies for instance the 
design of the collaborative workplace, methods of collaboration 
between humans and robots, as well as information on the 
required minimum distances and the maximum robot speed. 
Furthermore, limits for the maximum allowable robot forces 
have been appointed in that norm. With the distance equation 
(Eq. 1) a safe distance between humans and robots in motion 
can be calculated. [10–13] 
 
ܵ ൌ ܭோሺ ௌܶ ൅ ோܶሻ ൅ ܤሺܭோሻ ൅ ܥ்௢௟ ൅ ܭுሺ ௌܶ ൅ ோܶ ൅ ஻ܶሻ (1) 
 
The braking distance of the robot is described by ሺୖሻ, 
where ୖ is the speed of the robot, ୘୭୪ is a factor that refers to 
the response characteristics of the sensor in terms of the 
viewing area, ୗ indicates the response time of the sensor and 
ୖ   indicates the response time of the robot controller. The 
braking time of the robot is defined as ୆ and ୌ describes the 
velocity of the interacting person. Using all of these variables, 
the safe distance between the robot and the interacting person 
can be calculated. [13]  
For a risk evaluation, the conceivable human-robot 
collaboration scenarios, have to be clarified The classification 
of the main types of contact for human-robot collaboration is 
shown in Fig. 1. 
 
 
Open space 
 
Limited space Squeeze 
 
Pinching 
Fig. 1 : Contact classification between human and robot in accordance to [08] 
Another classification can be made according to obtuse and 
acute application of force. In addition to collisions in open and 
limited space, it is often pinching or crushing actions, which 
lead to very serious injuries. [14] 
The effective inertia and the speed of the robot is decisive 
for the seriousness of body injury in collisions in open space. 
Therefore, the HIC (Head Injury Criterion) can be considered. 
This criterion is used to assess head injuries. Using Equation 2 
the HIC can be calculated, where ሺሻ is the head acceleration, 
which is integrated within the observed time interval ሺଶ െ ଵሻ  
and then normalized. [14] 
 
ܪܫܥ ൌ ቈ ͳݐଶ െ ݐଵ
න ܽሺݐሻ݀ݐ
௧మ
௧భ
቉
ଶǡହ
ሺݐଶ െ ݐଵሻ (2) 
 
In addition, there are other criteria to assess and compare the 
severity of injuries. Another example is the use of the 
189 Paul Bobka et al. /  Procedia CIRP  44 ( 2016 )  187 – 192 
 
Compression Constant (CC). In addition to the compression 
(CC), the surface pressure (PSP), forces at squeezing (SF) and 
impinging (IMF) are being considered for risk evaluation of 
HRC applications. For such cases, there are body load limits for 
the various areas of the human body which must not be 
exceeded. [15] In the case of a collision in open space the robots 
mass and the robots speed are crucial. 
For this reason, heavy industrial robots are not necessarily a 
greater security risk than small lightweight robots. In case of a 
collision within limited space, the inertia of the robot and the 
resulting robot force are critical.  
In conclusion, the risk assessment has to be conducted not 
only in accordance to the robot and the security system. It also 
has to take the work situation into account. The seriousness of 
injuries depends on the forces and pressures occurring, which 
are defined by the speed, inertia and the space around the robot. 
For HRC, the forces must not exceed certain biomechanical 
limits, to guarantee safety for humans. The safety demands of 
human-robot collaboration are generally very high. HRC 
applications are therefore dominated by small lightweight 
robots. To use larger industrial robots for HRC which partially 
represent a far greater risk, the equations for safe distances 
developed in the presented standards have to be adapted for 
dynamic speed adjustment. The evaluation of contacts between 
human and robot needs to implemented in simulation tools. 
4. Development of the Simulation Tool  
4.1. Industrial relations and current demands 
The productivity of HRC- robots, compared to standard 
systems, is mainly limited by safety precaution. Stop- and slow-
down – functions or adaptive speed adjustment have an effect 
on station times or processing time. The impact of safety 
functions on productivity is a complex issue because it depends 
on environmental influences. For classical amortization 
calculations, which calculate from fixed process times, this is 
not precise enough. Therefore, it is of paramount importance 
for companies, before purchasing and designing HRC work 
stations, to assess the profitability of HRC concepts. Simulation 
software, which reproduces a typical working scene as realistic 
as possible, could provide the company with a powerful tool to 
support their decision for or against HRC systems. Therefore, a 
software tool was developed which enables HRC systems to be 
evaluated in terms of safety and productivity. The software is 
equipped with the following characteristics and capabilities: 
 The models of industrial robots are described in 
geometric, kinematic and dynamic terms. Furthermore, 
the software represents several robotic structures 
independently from brands. Also, the geometry of 
arbitrary end effectors is implementable. 
 Environments and workplaces are represented in a 
model. Moreover, it is possible to take real and 
projected areas and objects into account. 
 Models of humans with realistic motion sequences are 
implementable. The software is able to constitute 
essential parts of the body and their movement as well 
as biomechanical boundary values 
 Boundary values relating to given safety formalities are 
processed. This part of the software is responsible for 
the “conduct of the robot” to external influences.  
 A simple and understandable user interface needs to be 
developed, in order to create a software with good 
usability. The interface should allow easy creation and 
manipulation of the simulation and a simple output of 
results and protocols with evaluations.  
 Furthermore, the software is able to produce logs from 
the simulations in compliance with security standards. 
The productivity is to be evaluated in respect to the 
chosen safety features. 
4.2. Architecture and functions of the software HIRIT 
Our Software developed to satisfy these requirements is 
referred to as “Human-Industrial-Robot-Interaction-Tool” 
(HIRIT). Fig. 2 shows the GUI of HIRIT. In this state a KUKA 
KR6 is imported, the joints are configured and the Denavit-
Hartenberg (DH)- parameter are shown exemplarily. HIRIT 
currently allows the brand-independent integration of up to ten 
serial robotic structures simultaneously. Programming of robot 
motion is done either through the integration of existing 
programs or the creation of a new program sequence. The 
robotic programming is inspired by the KUKA language. [16, 
17] 
 
Fig. 2 : Graphical user interface of the Software HIRIT 
Fig. 3 illustrates the motion of the robot, which is also shown 
in Fig. 2, in the form of curve progressions. The graphs describe 
the angular position of the six robot axes over time. The 
presented courses of angular positions illustrate the pursued 
trajectory, to move the tool-center-point to four distinct points. 
 
Fig. 3: Angular position of the six robot axes 
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The derivatives of the angular positions over time, 
describing angular velocity, are shown in Fig. 4. As an example 
a sinoid stimulation for the drives was chosen to illustrate a soft, 
motor protecting, procedure for this simulation in HIRIT. The 
sinoid excitation can also be replaced by another form of 
stimulus.  
 
 Fig. 4: Angular velocity of the six robot axis 
Furthermore, the distinct points of Fig. 2 can be recognized 
in the intersections, in which all drives show a velocity of zero.  
HIRIT offers the possibility to import native CAD STEP 
data or scanned environments as ASCII code data files. In 
addition, there is the option to create simple geometric forms, 
such as cuboids or cylinders, in the software, as shown in Fig. 
5 (a). In Fig. 5 (b) a workstation that has been scanned with a 
depth camera is shown. 
 
Fig. 5 : (a) Design and import of environments; (b) Workstation with 
integrated robot model 
In order to simulate work situations with robots and humans, 
it is necessary to integrate realistic human movements in the 
simulation. HIRIT has an interface to record and integrate 
motion sequences and skeleton models using depth cameras. 
 
Fig. 6: GUI for the import of human motions 
Fig. 6 shows the GUI of this software part.With the 
possibility of illustrating work stations, environments, robots 
and humans kinematically in one model, the basis for 
simulation and analysis has been created. 
4.3. Simulation of speed adjustment 
An essential capability of the software is to simulate different 
speed control schemes. One such scheme is to regulate the 
movement velocity of the robot in dependence to the distance 
of human operators. This aims to ensure the safe distance in 
accordance to the ISO/TS 15066 standard. With reduction of 
the robot’s velocity also the braking time TB can be reduced. 
For simulation of the distance control, the shortest distance 
from the point cloud of the robot (PA) to the point cloud of the 
human (PB) must be found. Basically, the Euclidian distance 
between two points can be calculated with the equation (3).  
 
݀ ቀ ஺ܲ೔ǡ ஻ܲೕቁ ൌ ටቀݔ஺೔ െ ݔ஻ೕቁ
ଶ
൅ ቀݕ஺೔ െ ݕ஻ೕቁ
ଶ
൅ ቀݖ஺೔ െ ݖ஻ೕቁ
ଶ
 (3) 
 
A certain detail of models is necessary to obtain a realistic 
result. This means to analyze a large point clouds with respect 
to its shortest distance to another point cloud. Using an iteration 
as shown in Fig. 7 the exact solution can be found, with the 
drawback of a long computing time. 
 
ܨ݋ݎ݅ ൌ ͳ݅ݏ݈݁݊݃ݐ݄݉ܽݐݎ݅ݔܣ 
ܨ݋ݎ݆ ൌ ͳ݅ݏ݈݁݊݃ݐ݄݉ܽݐݎ݅ݔܤ 
݈ܿܿݑ݈ܽݐ݁݀݅ݏݐܽ݊ܿ݁݀ ቀ ஺ܲ೔ ǡ ஻ܲೕቁ; 
ܥ݄݁ܿ݇ǡ ݂݅݊݁ݓ݀݅ݏݐܽ݊ܿ݁ݏ݈݈݉ܽ݁ݎǫ Ǣ 
ܧ݊݀ 
ܧ݊݀ 
(4) 
Fig. 7: Iteration algorithm to find the exact solution 
Another approach in the search for a global minimum is the use 
of probabilistic methods. One example for a probabilistic 
method is a genetic algorithm (GA). The characteristic property 
of a GA is, that it can provide very fast first results that are 
improved increasingly as time or iterations are passing. Another 
advantage of GA is the ability to find alternative solutions 
despite good results in a given sample space. Figure 9 shows 
the generally flow chart of a GA. [18, 19] 
 
Fig. 8: Basic workflow of GA [18, 19] 
a) b)
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In the basic sequence of the GA for the given problem in HIRIT 
can be described as follows: 
 
1. The point cloud of the robot model (matrix A) and human 
model (matrix B) are initialized 
2. All individuals are coded in point cloud A and B, for 
example, binary. This is the chromosome set. 
3. In the third step, a certain number of individuals is chosen 
randomly. This is the first generation, or the first iteration, 
respectively. 
4. Now the distances of selected individuals to each other are 
calculated.  
5. The individuals are sorted and evaluated based on their 
shortest distance by a fitness function.  
6. The best individuals are kept for reproduction in next 
generation and the bad are discarded. 
7. Now, by recombination, code sections of the individuals 
are interchanged. This is the crossover and represents a 
local optimization search. 
8. Further regions of the individuals coding are changed 
randomly. This is referred to as mutation and represents a 
global optimization search. 
 
Using an GA algorithm it cannot be guaranteed to find the best 
solution. However, using the GA, the calculation speed can be 
greatly accelerated for a sufficiently good solution. Thus the 
GA saves significant resources such as computing power, 
energy, time and cost [18–20]. This method was implemented 
in HIRIT to achieve acceptable simulation times. 
Utilizing this method, the distance-dependent speed control 
scheme has been implemented. Fig. 9 shows the principal mode 
of operation of the distance-dependent speed control. Using the 
GA, the shortest distance is determined and taken into account 
to control the speed of the robot. The software uses a PID 
control response for speed influence. 
In Fig. 10 the same movement as illustrated in Fig. 2 and Fig. 3 
is shown, except that a delay occurs due to the braking function 
because a human enters the workspace of the robot. It should be 
noted that in industrial environments no HRC system having a 
distance-dependent speed control currently used. State of the art 
are for example camera-based safety systems with fixed areas 
for speed limiting and stop functions [6]. A continous speed 
control would be an improvement in productivity for current 
HRC systems. 
 
Fig. 9 : Distance-dependent speed control 
Fig. 10: Distance Influenced robot motion speed 
 
Fig. 11: Angular velocity of the six robot axis 
In Fig. 11 the derivation of the axis velocities while the robot is 
influenced by a human presence is shown. By comparing this 
to Figure it becomes clear how difficult it would be to determine 
or estimate the time required for the robot motion without 
simulation. Even a braking function for compliance with safety 
standards leads to complex system properties: the robot now 
needs twice as long for the same motion in case of human 
interference. This also shows how important simulations prior 
to implementation are, to assess the productivity of HRC 
applications before expensive purchasing decisions are made. 
5. Discussion 
The software presented in this paper is an approach to 
describe and understand the interdisciplinary and complex 
correlations of safety issues in human-robot collaboration. 
Currently shortcomings in the practical validation of simulation 
results are present.  
Sensor behavior has to be taken under consideration for the 
study of adaptive local path planning. The reason is that the 
sensor systems can only provide limited information in a given 
time. In general, it seems necessary to emulate the sensor 
system in the software, in order to obtain a more realistic 
simulation model. The software is currently conceived with 
completely ascertainable objects, which are always detected in 
time. 
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6. Conclusion and Outlook 
In this research, a software has been developed, that can be 
used to build up and simulate models of HRC systems. This 
software is called “Human-Industrial-Robot-Interaction-Tool” 
(HIRIT). The primary objective was to evaluate the safety and 
productivity of the HRC systems in the planning process.  
With the software it is possible to build complex models and 
simulate a wide variety of situations for investigations. The 
special feature of the software is to find safety relevant 
distances between humans and robots, robots and robots as well 
as robot and the environment and thus simulate a regulation of 
motion speed.  
Furthermore, the software will be expanded to simulate 
adaptive path planning for HRC in the future, such as RRT-
algorithms or other methods. With the present version of HIRIT 
it is possible to test and to compare different speed control 
schemes.  
Another important capability is the creation of dynamic 
models, to consider for example the head injury criterion (HIC). 
Also realistic human motion sequences can be recorded. Since 
the motion or rather the whole behavior of humans affects the 
productivity of the robot through the required safety functions, 
this allows for a more thorough investigation of an HRC 
systems productivity.  
The developed software provides an open platform for 
interdisciplinary research on safety, productivity and workplace 
design in the field of HRC. It is to assume that the 
functionalities of the software described in this paper are 
desired in future industrial applications. Our objective remains 
to create a simulation software, that enables easy and rapid 
safety and productivity assessment for HRC-systems. 
 
 
References 
 
[01] KUKA Robotics: LBR IIWA 7 R800, http://www.kuka-
robotics.com/en/products/industrial 
_robots/sensitiv/lbr_iiwa_7_r800/start.htm, Letzter Zugriff: 
04.06.2015. 
[02] HONDA: Asimo Roboter, http://asimo.honda.com/gallery.aspx, 
Letzter Zugriff: 20.08.2015. 
[03] Parorobotics: Paro Therapieroboter: 
http://www.parorobots.com/photogallery.asp, Letzter Zugriff: 
20.08.2015. 
[04] RethinkRobotics: Baxter-Roboter: 
http://www.rethinkrobotics.com/blog/what-in-the-world-is-a-
collaborative-robot-part-1-of-3-whats-in-a-name, Letzter Zugriff: 
24.08.2015. 
[05] UR5: Enterprisetech: 
http://www.enterprisetech.com/2013/09/03/collaborative_robot_ 
clocks_in_for_volkswagen, Letzter Zugriff: 24.08.2015. 
[06] Frauenhofer IFF: STROBAS: 
http://www.iff.fraunhofer.de/de/geschaeftsbereiche/roboter 
systeme/strobas.html, Letzter Zugriff: 24.08.2015. 
[07] IFA - Institut für Arbeitsschutz der Deutschen Gesetzlichen 
Unfallversicherung : 
http://www.dguv.de/ifa/Fachinfos/Kollaborierende-
Roboter/Technische-Schutzma%C3 %9Fnahmen/index.jsp, Letzter 
Zugriff: 24.08.2015. 
[08] IFA - Institut für Arbeitsschutz der Deutschen Gesetzlichen 
Unfallversicherung : http://www.dguv.de/ifa/Fachinfos/Virtuelle-
Realit%C3%A4t/SUTAVE/index.jsp,            Letzter Zugriff: 
24.08.2015. 
[09] IFA - Institut für Arbeitsschutz der Deutschen Gesetzlichen 
Unfallversicherung : 
http://www.dguv.de/ifa/Fachinfos/Kollaborierende-
Roboter/Systemergonomische-Gestaltung/index.jsp, Letzter Zugriff: 
24.08.2015. 
[10] Pilz - Sicheres Kamerasystem SafetyEYE: https://www.pilz.com/de-
DE/eshop/000140003 37042/SafetyEYE-Sicheres-Kamerasystem, 
Letzter Zugriff: 24.08.2015. 
[11] Pilz - Sicheres Kamerasystem SafetyEYE : https://www.pilz.com/de-
DE/company/news/ articles/074067, Letzter Zugriff: 24.08.2015. 
[12] HFT-Stuttgart: SafetyEYE: https://www.hft-
stuttgart.de/Studienbereiche/Vermessung/ Bachelor-
Informationslogistik/Aktuell/Veranstaltungen/inflogtag2014/SafetyEY
E_HFT-Stuttgart_09-04-14_genehmigt.pdf, Letzter Zugriff: 
24.08.2015. 
[13] ABB - Industrial Safety Requirements for Collaborative Robots and 
Applications: http://www.eu-
robotics.net/cms/upload/euRobotics_Forum/ERF2014_presentations/da
y_2/ Industrial_HRC_-_ERF2014.pdf, Letzter Zugriff: 24.08.2015. 
[14] DGUV - Arbeits- und Gesundheitsschutz - Kollaborierende Roboter: 
http://www.dguv.de/ medien/ifa/de/pub/grl/pdf/2012_125.pdf, Letzter 
Zugriff: 24.08.2015. 
[15] IFA - Institut für Arbeitsschutz der Deutschen Gesetzlichen 
Unfallversicherung : 
http://www.dguv.de/ifa/Fachinfos/Kollaborierende-
Roboter/Pr%C3%BCftechnik/index.jsp, Letzter Zugriff: 24.08.2015. 
[16] Hannover Messe: Easy-Rob: 
http://www.hannovermesse.de/produkt/easy-rob-product-
suite/537521/D164029, Letzter Zugriff: 24.08.2015. 
[17] Coppeliarobotics:  V-Rep: http://www.coppeliarobotics.com, Letzter 
Zugriff: 24.08.2015. 
[18] Rensselaer Computer Science: ATLAS:  
http://www.cs.rpi.edu/twiki/view/RoboticsWeb/ 
DARPARoboticsChallenge, Letzter Zugriff: 24.08.2015. 
[19] Boston Dynamics: ATLAS: 
http://www.bostondynamics.com/robot_Atlas.html, Letzter Zugriff: 
24.08.2015. 
[20] Siemens: Tecnomatrix: 
http://blog.industrysoftware.automation.siemens.com/blog/tag/ 
tecnomatix, Letzter Zugriff: 24.08.2015. 
[21] MathWorks: MATLAB-Toolboxen: 
http://de.mathworks.com/products/, Letzter Zugriff: 24.08.2015. 
[22] KUKA: KR6-2 Datenblatt: http://www.kuka-
robotics.com/res/sps/f776ebab-f613-4818-9feb-
527612db8dc4_PF0033_KR_6-2_KR_16-2_de.pdf, Letzter Zugriff: 
24.08.2015. 
 
